Introduction
There are few publications on intracranial pressure (ICP) during epileptic seizures in humans, 1, 2 and none in healthy human adults. Reports from cat experiments have demonstrated a 3-to 5-fold rise in ICP during seizures. 3 A recent study with ICP spot recordings in children undergoing invasive EEG monitoring through craniotomy suggests that the magnitude of increase in ICP is related to the type of seizure and the electroencephalographic area of seizure activity. 4 Cerebral blood flow (CBF) increases during seizures, and it has therefore been suggested that the increase in CBF is the cause of the elevation in ICP.
We present the first case with continuous monitoring of static (mean) ICP and pulsatile ICP (mean ICP wave amplitude) during a generalized Seizure (2008) Summary In a patient with no prior history of seizures we were able to record static (mean) intracranial pressure (ICP) and pulsatile ICP (mean ICP wave amplitude) continuously during a first-time generalized epileptic seizure. The patient experienced episodic headache five months after a subarachnoid haemorrhage. In order to rule out low-pressure hydrocephalus she was admitted for a 24-hour intracranial pressure registration. ICP parameters were normal prior to the seizure. We observed an immediate and enormous rise in both static (mean) ICP and pulsatile ICP (mean ICP wave amplitude). Mean ICP and ICP wave amplitude peaked at 93 mmHg and 22 mmHg, respectively. Pulsatile ICP remained elevated after normalization of static ICP and may indicate impairment of intracranial compliance even after the static ICP was normalized. # 2008 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
Abbreviations: CBF, cerebral blood flow; CT, computed tomography; EEG, electroencephalography; ICP, intracranial pressure; ICU, intensive care unit; SPECT, single photon emission computed tomography; MR, magnetic resonance.epileptic seizure. The patient presented had no prior history of seizures, but experienced a firsttime generalized epileptic seizure during ICP monitoring.
Case report
A healthy 53-year-old woman was hospitalized (Department of Neurosurgery, St. Olavs Hospital, Trondheim University Hospital) due to a severe thunderclap headache. A CT scan revealed a less than 1 mm thick subarachnoid haemorrhage, classified as Fisher grade 2. The Hunt and Hess grade was 2 as she was awake with a moderate to severe headache, nuchal rigidity, and no neurological deficits. A CT angiogram revealed a small aneurysm on the left middle cerebral artery. A craniotomy with clipping of the aneurysm was performed without any complications. For ICP monitoring and cerebrospinal fluid drainage, an external ventricular drain was positioned in the right lateral ventricle and removed after 3 days. She recovered without any neurological deficits and was discharged. Five months later she complained of episodic headache and nausea, and was re-hospitalized in the department. A CT scan demonstrated a possible slight enlargement of the ventricular system compared to earlier CT images, but without signs of periventricular oedema. In order to rule out hydrocephalus, she was admitted for a 24-hour intracranial pressure registration. In case of elevated pressure parameters, she would be offered a shunt operation. Thus, she underwent a small, diagnostic surgical procedure in local anaesthesia with reopening of the right frontal burr hole after the earlier ventricular drain. A pressure sensor (Codman, Raynham, MA, U.S.A.) was introduced 1 cm into the brain parenchyma of the right frontal lobe. The transducer was connected to a computer for continuous ICP monitoring, sampling at 200 Hz. The ICP recording was implemented in software using a previously described algorithm for automatic single wave identification for computation of pulsatile ICP, characterized by the mean ICP wave amplitude, as well as static (mean) ICP. 5 Static ICP values > 20 mmHg and ICP wave amplitude > 5 mmHg were considered elevated.
After 13 h of monitoring with normal ICP parameters she had a generalized epileptic seizure during sleep. The seizure was not interrupted by drug administration. Fig. 1 shows a 16 min-long trend plot of alterations in static ICP (i.e. mean ICP) and pulsatile ICP (i.e. mean ICP wave amplitude. Average (AES.D.) ICP was normal prior to the seizure both for mean ICP (1.9 AE 1.4 mmHg) and mean ICP wave amplitude (3.8 AE 0.4 mmHg). Suddenly, a marked increase of ICP occurred, with a peak in mean ICP at 93 mmHg and mean ICP wave amplitude of 22 mmHg after 18 and 24 s, respectively. Both ICP parameters rose abruptly while the mean ICP wave amplitude remained elevated (i.e. >5 mmHg) for 96 s after normalization of mean ICP (<20 mmHg) (Fig. 1) . During the seizure, elevations in mean ICP (>20 mmHg; average 50.0 AE 22.0 mmHg) and mean ICP wave amplitude (>5 mmHg; average 12.6 AE 5.6 mmHg) had been present for 144 and 240 s, respectively.
Moreover, the seizure was accompanied with a sudden rise in heart rate; from 52.1 AE 4.1/min before the seizure to 110.4 AE 14.9/min during the ICP elevation (i.e. >20 mmHg). 
Discussion
In our patient, we observed that a tonic-clonic generalized epileptic seizure caused a sudden and enormous rise in ICP with a climax after 18-24 s. Continuous monitoring of static and pulsatile ICP during an epileptic seizure has not previously been reported. The pulse amplitude of the cardiac-beatinduced ICP wave seems to relate to intracranial compliance, i.e. the pressure-volume reserve capacity. 6 Accordingly, in patients with intracranial bleeds there was an association between the mean ICP wave amplitude and the intracranial compliance determined by the Spiegelberg compliance monitor. 7 A detailed examination of the trend plot ( Fig. 1) revealed that the mean ICP wave amplitude remained elevated (>5 mmHg) for 1.6 min after normalization of mean ICP (<20 mmHg).
A recent study with ICP spot recordings in children undergoing invasive EEG monitoring found an increase in ICP during seizures related to the type of seizure. 4 Tonic-clonic seizures were associated with a more marked increase in ICP. Recording ICP values hourly, an observational EEG study in ICU patients with moderate-to severe-head injury, found no clear seizure-related effect on ICP in the hours directly before, during, or after a seizure. 8 In the present study, on the other hand, the patient was not sedated and mean ICP and mean ICP wave amplitude was determined each 6 s based on continuous pressure sampling at 200 Hz.
As demonstrated in our case, a generalized tonic-clonic seizure may cause a massive and sudden increase in ICP. The degree of pressure elevation seems so prominent that the cerebral perfusion pressure could be at stake. However, it is well known that severe systemic hypertension occurs during epileptic seizures. Blood pressure was unfortunately not recorded in our case so cerebral perfusion pressure, i.e. mean arterial blood pressure minus ICP, could not be calculated. In cat experiments, preventing blood pressure elevation through spinal cord injury, a decrease in regional cerebral blood flow was seen during seizures. 9 Thus, it was suggested that the hypertensive crisis during an epileptic seizure represents a protective mechanism to maintain cerebral perfusion pressure.
How the rise in ICP relates to other intracranial effects of epileptic seizures cannot be determined from this study alone. A common hypothesis in prolonged seizures is that the increased metabolism results in depletion of energy reserves and anaerobe metabolism followed by excess production of lactic acid. This may cause an increased regional blood flow and finally increased membrane permeability due to dysfunction of ion pumps. The final result may be excess of extracellular potassium and intracellular calcium and swelling of cells, as seen with cytotoxic oedema. It has been suggested that autoregulation breaks down in the affected areas of cortex causing regional blood flow to passively follow systemic blood pressure. A transient loss of the blood-brain-barrier during induced seizures has been seen. 10, 11 SPECT studies have shown that a hyperperfusion occurs during ictus followed by a postictal hypoperfusion that gradually returns to baseline. Reversible gyral swelling, decreased attenuation of CT images and altered signal intensity of MR images may be seen after seizures, possibly responsible for reversible neurological deficits. 12 This reactive hyperaemia with or without oedema of the brain is proposed to precede and cause the ICP elevation during seizures. 4, 13 However, increased epileptic activity persisting even after the ICP has returned to within normal limits has been observed. 14 
Conclusion
We were able to document an immediate and enormous rise in both static (mean) ICP and pulsatile ICP (mean ICP wave amplitude) in this case undergoing continuous ICP monitoring during a generalized tonic-clonic seizure. It has been suggested that the increase in cerebral blood flow during seizures is the cause of the ICP elevation. However, the rapid increase in static ICP in our case was slightly prior to the increase in pulsatile ICP. Accordingly, if pulsatile ICP reflects intracranial compliance, a decrease in compliance seems to occur after the elevation of mean ICP. Thus, the decrease in compliance due to increased regional blood flow may possibly occur after the ICP elevation starts. Consequently, we believe that one has to consider other explanations behind the rapid intracranial pressure elevation. The extreme Valsalva effect in the tonic phase of a generalized seizure is probably a major contributor.
The observation that pulsatile ICP remained elevated after normalization of static ICP may indicate impairment of intracranial compliance even after the static ICP was normalized.
